INTRODUCTION
Protocadherins (PCDHs) are the largest family ($70 genes) of cellcell adhesion molecules and have important roles in many neurobiological processes, including axon guidance/sorting, neurite self-avoidance, and synaptogenesis (Garrett and Weiner, 2009; Lefebvre et al., 2012) . The majority of PCDHs are positioned within three genomic clusters termed a, b, and g. Clustered PCDHs are stochastically expressed in neurons, which is thought to be essential for generating individual neuron identity (Rubinstein et al., 2015; Thu et al., 2014) . The remaining family members are termed non-clustered (NC) PCDHs. Genes encoding NC PCDHs are scattered throughout the genome and display unique and overlapping expression patterns in different neuronal populations during CNS development and in the mature brain (Kim et al., 2007) .
Mutations in NC PCDH family members have been associated with a variety of neurological disorders, including epilepsy, autism, and schizophrenia (Ishizuka et al., 2016; Morrow et al., 2008) . Notably, mutations in protocadherin 19 (PCDH19) cause PCDH19 girls clustering epilepsy (PCDH19-GCE), which is reported to be the second most common cause of monogenic epilepsy Duszyc et al., 2015) . PCDH19-GCE is an X-linked disorder with a unique pattern of inheritance whereby heterozygous females are affected whereas hemizygous males are spared . It has been proposed that the co-existence of wild-type (WT) and mutant PCDH19 neurons that arise through random X inactivation underpins the unique inheritance (Depienne et al., 2009; Dibbens et al., 2008) . This hypothesis is supported by the existence of affected males, who are mosaic carriers of somatic PCDH19 mutations (Depienne et al., 2009) . However, it is currently unclear what processes are regulated by PCDH19 in the brain and how these are disrupted by mosaic expression, but not by the complete absence of functional protein.
PCDH19 has been shown to function as a homotypic cell adhesion molecule in vitro (Tai et al., 2010) , and recently published data indicate that PCDH19 has a virtually identical structure to members of the closely related clustered PCDH family (Cooper et al., 2016) . Clustered PCDHs can form heterotypic cis interactions, which generate highly specific adhesion codes that are likely to play a role in vertebrate neuronal self-avoidance (Rubinstein et al., 2015; Thu et al., 2014) . Interestingly, NC PCDHs display overlapping expression in vivo (Kim et al., 2007) , suggesting they may also contribute to specifying adhesion affinities in a combinatorial manner. However, it remains unclear whether PCDH19 can (legend continued on next page) form heterotypic cis interactions with other NC PCDHs and contribute to combinatorial cell-cell adhesion specificity.
Here, we sought to address these questions by performing complementary in vitro and in vivo experiments to investigate the combinatorial activity of PCDH19 and the molecular mechanism underlying the unique X-linked inheritance of PCDH19-GCE. Our findings show that PCDH19 contributes to combinatorial adhesion affinities such that mosaic expression of PCDH19 in vivo disrupts cell adhesion specificity, resulting in abnormal sorting of neuroprogenitor cells in the developing cortex.
RESULTS

PCDH19 Forms Heterotypic cis Interactions with NC PCDHs that Generate Specific Binding Affinities
To investigate the adhesion activity of PCDH19 in combination with other NC PCDHs, we performed mixing experiments using K562 cells, which ordinarily do not aggregate during culture due to a lack of endogenous PCDHs and classical cadherins (Ozawa and Kemler, 1998) . Many NC PCDHs display overlapping expression with Pcdh19 in the embryonic developing brain (Kim et al., 2007) . These include PCDH17 and PCDH10, which are the closest family members to PCDH19 and were selected for experimental analysis. Two populations of fluorescently labeled K562 cells expressing identical or different PCDH combinations were mixed in a 1:1 ratio ( Figure 1A ). The resulting cell aggregates were assessed for the contribution of each population; aggregates dominated by one population indicated cell sorting (due to different adhesion specificity) whereas heterogeneous aggregates indicated cell mixing (due to identical adhesion specificity). We initially compared cell populations expressing a single PCDH ( Figure 1B ). When the two populations expressed the same PCDH, extensive mixing was observed ( Figure 1B , top row). In contrast, populations expressing different PCDHs exhibited extensive sorting ( Figure 1B , bottom row), confirming homotypic cell-cell adhesion activity as single molecules (Tai et al., 2010) . To explore the potential for combinatorial NC PCDH activity, we first investigated whether NC PCDHs could interact in cis. Immunoprecipitation (IP) analysis of differentially tagged proteins revealed that PCDH19 could interact with PCDH10 and PCDH17, as well as itself ( Figure 1C ). Next, we performed mixing experiments using K562 cell populations expressing multiple NC PCDHs at similar levels ( Figure S1A ). To quantitate cell mixing, we performed Pearson's correlation coefficient analysis between fluorescent channels of the different cell populations. This allowed us to determine the degree of overlap that was present between the two groups of cells in 3D aggregates. Higher levels of correlation between fluorescent channels represented higher levels of mixing between the two different cell populations. Whereas cell populations co-expressing PCDH19 and PCDH10 (PCDH19/PCDH10) displayed extensive mixing, PCDH19/ PCDH17 and PCDH19/PCDH10 populations sorted into distinct aggregates ( Figure 1D ). Significant sorting was also observed between PCDH19/PCDH10 and PCDH19/PCDH10/PCDH17 co-expressing populations and between PCDH19/PCDH10-and PCDH10-expressing populations ( Figure 1D ). Thus, significant sorting occurred between populations that differed by a single PCDH. We next assessed the impact of PCDH19-GCE missense mutations on PCDH-mediated adhesion. We first individually expressed PCDH19 containing a N340S mutation (PCDH19.N340S) in K562 cells. The N340S mutation has been found in over 20 unrelated cases and has been shown to have reduced thermostability (Cooper et al., 2016) . Cells expressing PCDH19.N340S completely lacked adhesive function ( Figures  S1B-S1D ). Identical results were obtained with two other disease-causing missense mutations (PCDH19.E307K and PCDH19.D594H; Figures S1B-S1D) . Finally, to model the impact of PCDH19 missense mutations on combinatorial adhesion activity, we performed cell mixing experiments with PCDH19/ PCDH10 and PCDH19.N340S/PCDH10 cells. Significant sorting occurred between the two populations ( Figure 1D ). Taken together, these data suggest that PCDH19 forms heterotypic cis interactions with NC PCDHs and contributes to combinatorial adhesion codes that are sensitive to single PCDH differences.
Mosaic Expression of Pcdh19
In Vivo Leads to Altered Network Brain Activity, Correlating with Abnormal Cell Sorting in the Developing Cortex Next, we sought to investigate how disruption of PCDH19-dependent adhesion affinities would manifest in the developing mammalian brain, where complex arrays of adhesion molecules direct morphogenesis. For these experiments, we used mice carrying a null allele (Pcdh19b-Geo; Pederick et al., 2016) to generate female heterozygous mice with mosaic expression of Pcdh19. Given the seizures and elevated neural activity of PCDH19-GCE-affected females (Higurashi et al., 2013; Scheffer et al., 2008) , we initially performed electrocorticogram (ECoG) analysis on young adult mice to investigate whether a phenotype exists in heterozygous mice that does not manifest in homozygote animals. ECoG traces from Pcdh19+/b-Geo (+/b-Geo) postnatal day 42 (P42) mice showed a consistent increase in amplitude compared to Pcdh19+/+ (+/+) and Pcdh19b-Geo/ b-Geo (b-Geo/b-Geo) animals, which were themselves indistinguishable ( Figure 2A ). Strikingly, ECoG signatures for +/b-Geo mice showed a significant increase in mean number of spikewave discharge (SWD) events per hr and event duration compared with +/+ mice ( Figures 2B and 2C ). In contrast, the mean number of SWDs per hr and the mean duration of a SWD event for b-Geo/b-Geo animals was not significantly different to +/+ mice ( Figures 2B and 2C ). This indicates that mosaic expression of Pcdh19 in mice results in altered brain network activity. In contrast, this phenotype is not present in mice completely lacking PCDH19, consistent with the unique X-linked inheritance of PCDH19-GCE in humans. Table S1 for additional information, including n for each experiment. Expression constructs are indicated by 19 (PCDH19), 17 (PCDH17), 10 (PCDH10), and 340 (PCDH19 N340S missense mutation).
To determine the impact of mosaic PCDH19 expression at the cellular level in vivo, we required reporter alleles for Pcdh19-expressing WT and null cells. To label Pcdh19-expressing null cells, we used the Pcdh19b-Geo b-galactosidase knockin reporter allele, which we had previously validated using X-gal staining (Pederick et al., 2016) . To enable unequivocal identification of WT PCDH19-expressing cells, we employed CRISPR/Cas9 genome editing to insert a hemagglutinin (HA)-FLAG epitope sequence at the C terminus of the PCDH19 open reading frame (ORF) ( Figure S2A ). Successful insertion was validated via PCR, sequencing, western blot, and HA immunohistochemistry ( Figures S2B-S2D , respectively). Furthermore, we confirmed that the HA-FLAG-tagged version of PCDH19 retained adhesive function in an in vitro aggregation assay ( Figure S2E ). Consistent with previously published mRNA in situ hybridization and protein expression data Hayashi et al., 2017; Pederick et al., 2016) , we detected PCDH19 expression in many brain regions, including prominent expression in the developing cortex that became more restricted in the postnatal brain ( Figures S2D and S2F) . Generation of the tagged allele also allowed us to investigate in vivo interactions of PCDH19 protein. Consistent with our in vitro experiments, co-immunoprecipitation (coIP) analysis indicated that endogenous PCDH19 interacts with PCDH10 and PCDH17 in the developing mouse brain ( Figure S2G ). Table S1 .
Simultaneous labeling of PCDH19 positive (HA) and negative (X-gal) cells in Pcdh19HA-FLAG/b-Geo (HA-FLAG/b-Geo) brains enabled us to investigate the phenotype resulting from the disruption of PCDH19-dependent cell adhesion specificity. HA immunostaining of HA-FLAG/b-Geo brains revealed a striking alternating pattern of PCDH19-positive and PCDH19-negative cells that extended from the ventricular zone to the cortical plate ( Figure 2D , left). X-gal staining of HA-FLAG/b-Geo brains revealed a complementary and non-overlapping pattern to HA immunostaining ( Figure 2D , left), suggesting this pattern is due to segregation of PCDH19-positive and PCDH19-null cells. Segregation was also detected in the developing hippocampus and ganglionic eminences ( Figures 2D and S2 ). To confirm that this pattern did not arise due to random X inactivation and subsequent clonal expansion, we examined HA staining in wild type Pcdh19HA-FLAG/+ (HA-FLAG/+) control embryos ( Figure 2D , right). This allowed us to identify the pattern of PCDH19-positive HA-labeled cells in the presence of PCDH19-positive unlabeled cells. Within the cortex, X inactivation manifested as small interspersed patches of HA-positive and HA-negative staining along the ventricle and overlying neural progenitors in the ventricular zone, with only subtle variations in HA staining within the cortical plate ( Figure 2D , right). The significantly increased percentage of HA-negative regions in HA-FLAG/b-Geo embryos compared with HA-FLAG/+ controls confirms that PCDH19-positive and PCDH19-null cells coalesced into distinct groups ( Figure 2E ). We also noted significantly increased variation of HA immunostaining across different HA-FLAG/b-Geo animals, suggesting differences in abnormal cell sorting phenotypes are due to unique patterns of X inactivation in each embryo (Figures 2F and S2) . The striking segregation that occurred during cortical development also persisted postnatally among cells that continued to express PCDH19 ( Figure 2G ).
Consistent with an active role in cell sorting, PCDH19 was present at interfaces between PCDH19-expressing neuroprogenitor cells, but not between PCDH19-positive and negative cells, supporting its role as a homotypic cell-cell adhesion molecule in vivo ( Figure S3A ). Cell body redistribution was independently confirmed by staining for nuclear-localized SOX3 in Pcdh19+/ b-Geo; Sox3+/À trans-heterozygous mice ( Figure S3B ). Notably, cell segregation was not detected at the inception of PCDH19 expression at 9.5 dpc but was clearly present at 10.5 dpc, indicating rapid onset of the abnormal cell sorting phenotype ( Figures S3C-S3E ). Taken together, these data suggest that PCDH19 functions to specify cell-cell interactions and that mosaic expression results in distinct cell populations with incompatible adhesion affinities that abnormally segregate during cortical development.
Uniform Deletion of Pcdh19 Prevents Abnormal Cell Sorting
The absence of pathology in hemizygous males and the normal brain activity of mice completely lacking functional PCDH19 (Figures 2A-2C ) suggests that the removal of differential adhesion affinities dictated by mosaic PCDH19 expression will restore normal cell sorting during cortical development. To test this hypothesis, we developed a method to assess in vivo cell sorting by visualizing Pcdh19 allele-specific expression in functionally null PCDH19 female mice. Using CRISPR/Cas9 genome editing, we deleted the Pcdh19HA-FLAG allele in HA-FLAG/b-Geo zygotes to create DEL/b-Geo-null embryos ( Figure 3A) . Deletion of exon 1 and lack of functional PCDH19 was validated by sequencing and HA immunostaining (Figure 3B ; data not shown). X-gal staining of DEL/b-Geo embryos at 14 days post embryo transfer demonstrated that the two populations of null cells readily intermix, thereby rescuing the abnormal cell sorting phenotype observed in HA-FLAG/b-Geo embryos ( Figure 3B ). Quantification of X-gal staining variation confirmed that the abnormal cell sorting was rescued in DEL/ b-Geo cortices ( Figure 3C ). This provides further evidence that the differential adhesion specificities of PCDH19-positive and PCDH19-negative cells leads to abnormal cell sorting. Importantly, the lack of abnormal cell sorting in DEL/b-Geo-null embryos provides a clear cellular phenotype that correlates with and likely explains the unique X-linked inheritance of PCDH19 epilepsy ( Figure 3D ).
Variable Cortical Folding Abnormalities Are Observed in PCDH19-GCE Patients
Although structural brain abnormalities have not previously been described in PCDH19-GCE-affected individuals, we hypothesized that abnormal cell sorting caused by mosaic expression of PCDH19 during human cortical development could result in morphological defects due to the prolonged expansion of neuroprogenitors and extensive sulcation relative to mice (Sun and Hevner, 2014) . Using data from the Allen Brain Atlas, we confirmed PCDH19 is highly expressed in human embryonic CNS, including the cortex, during the key neurogenic period of 8-16 weeks post-conception (Miller et al., 2014;  Figure S4A ). PCDH19 expression is reduced postnatally but is still detectable, with the brain remaining the predominant site of expression in the adult ( Figure S4B ). We also identified considerable spatiotemporal overlap with PCDH10 and PCDH17 ( Figure S4A ). We then reviewed MRI images from a cohort of PCDH19-GCE girls. We identified abnormal cortical sulcation in four patients with recurrent causative mutations in PCDH19 (p.N340S, p.S671X, and p.Y366LfsX10; Figures 4 and S4C; Table S2 ; Scheffer et al., 2008) . The patients presented with variably positioned cortical defects that included bottom of the sulcus dysplasias, abnormal cortical folding, cortical thickening, and blurring of the gray/white junction. These data suggest that subtle brain abnormalities are a feature of PCDH19-GCE. Whereas it is not known how abnormal cell sorting could generate these defects, their variability is consistent with the random nature of X inactivation and phenotypes observed in PCDH19-GCE patients.
DISCUSSION
In summary, the generation of differential adhesion affinities in neural progenitor cells caused by mosaic expression of Pcdh19 appears to be the underlying cellular mechanism responsible for the unique X-linked inheritance of PCDH19-GCE ( Figure 3D ). Furthermore, our data suggest that uniform removal of PCDH19, as seen in hemizygous males, does not lead to the formation of incompatible adhesion specificity, allowing for normal positioning of neuroprogenitor cells and neural activity. The abnormal rearrangement of neuroprogenitor cells in the incipient cortex of heterozygous brains indicates that at least some of their neuronal progeny will be aberrantly positioned, regardless of whether they maintain expression of Pcdh19 postnatally. This rearrangement has the potential to perturb functional boundaries within the cortex and alter connectivity between cortical and subcortical regions.
If the entire cortex was to undergo segregation, it is likely this would result in abnormal organization of functional cortical col- umns. Interestingly, cortical column organization has been reported in gyrencephalic (folded) brains, such as apes, monkeys, and ferrets, but there is little evidence supporting cortical column organization in the lissencephalic (smooth) brains of mice and rats (Shaw et al., 1975) . If abnormal cell sorting does occur throughout the entire cortex, this difference in neuronal architecture between humans and mice may contribute to the more severe phenotype seen in PCDH19-GCE patients. Furthermore, the identification of abnormal cortical sulcation in multiple PCDH19-GCE patients suggests that aberrant cell sorting may generate different morphological phenotypes in gyrencephalic brains compared to lissencephalic brains. The cortical folding of human brains is largely caused by variable proliferation of basal radial glia, a cell type which represents only a minute proportion of progenitor cells in lissencephalic brains when compared to gyrencephalic brains (Wang et al., 2011) . Proliferation of basal radial glia cause ''wedges'' of cell dense areas, which ultimately cause the brain to fold. It is possible that, if segregation occurred within the basal radial glial cells in the developing human brain, then abnormal folding may occur due to irregular formation of ''wedges.'' These hypothesizes could be investigated by generating a Pcdh19 +/À ferret (Kou et al., 2015) , a gyrencephalic animal model. More broadly, our data suggest that neurodevelopmental disorders associated with mutation of other NC PCDH family members (Ishizuka et al., 2016; Morrow et al., 2008) may be caused by disruption of cell adhesion affinities. Because all other NC PCDHs are autosomal, mosaic disruption of adhesion specificity would have to occur through a process other than X inactivation. There is evidence that NC PCDHs are subject to random monoallelic expression (RMAE) (Savova et al., 2016) . Individuals with a heterozygous germline mutation in a given autosomal NC PCDH would have a proportion of their cells expressing either the functional or non-functional allele, resulting in disrupted adhesion specificity. The proportion of RMAE-affected cells would likely impact the penetrance or expressivity of any resultant phenotype.
Although both clustered and NC PCDHs can function in combinatorial adhesion complexes, our data indicate that the interaction of matching adhesion affinities for each of these closely related protein families in vivo can lead to different outcomes. Matching expression of clustered PCDHs is thought to result in repulsion, which has been implicated in neuronal selfavoidance (Rubinstein et al., 2015; Thu et al., 2014) . In contrast, our data indicate that cells expressing matching NC PCDHs selectively associate in vivo. Given the complex and overlapping expression pattern of NC PCDHs throughout development, it seems likely that this property may direct spatial positioning of neuroprogenitors and could conceivably be utilized during morphogenesis of other organs.
The ability of cells with different identities to self-associate and form discrete populations was first identified in the early 1900s by mixing sponge cells from different colored species (Wilson, 1907) . We now appreciate the critical role of adhesion molecules in regulating cell identity and directing tissue morphogenesis in many developmental contexts, including in the brain (Bello et al., 2012) . Our findings advance this field by providing evidence that perturbation of cellular adhesion affinities underlies the unique X-linked inheritance pattern of PCDH19-GCE and suggests that just a single difference in PCDH expression is enough to disrupt the complex adhesion specificities present within the developing mammalian cortex.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All mouse work was conducted following approval by The University of Adelaide Animal Ethics Committee (approval number S-2013-187, S-2014-068, S-2014-199A) in accordance with the Australian code for the care and use of animals for scientific purposes. All mice for ECoG analysis were female to remove the possibility of gender differences. All mice used for immunofluorescence and subsequent quantification of segregation phenotypes were female as the experiment required all samples to contain two X chromosomes. Male samples were used to validate the presence and functionality of the HA-FLAG epitope tag ( Figure S2 ). Pcdh19
mice contained a b-Geo cassette as previously described (Pederick et al., 2016) . All mice were housed under Specific Pathogen Free (SPF) conditions with unrestricted access to regular chow diet and water and were not subjected to previous procedures. All mice in this study were maintained on a mixed (B57BL/6 & 129/Sv) background apart from those used for EcoG analysis which were backcrossed onto a DBA background (> 9 generations). K562 cells (ATCC CCL243, female) were maintained in RPMI-1640 medium (ThermoFisher) with 10% fetal calf serum and 1 x Glutamax (ThermoFisher). Human studies were approved by the Children's Hospital at Westmead Human Research Ethics Committee or the Austin Health Human Research Ethics Committee. Informed consent was obtained from all subjects or their parents/legal guardians. Patients A, B, C and D were female and aged 9, 7, 11 and 22 years, respectively.
METHOD DETAILS
Co-immunoprecipitation and western blotting K562 cells (human leukemia cell line, ATCC CCL243) were transfected with 5mg of each plasmid using the Neon Transfection System (Invitrogen) and harvested 48 hours later. Transfected cells were homogenized in IP lysis buffer (25mM Tris-HCl (pH7.4), 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 5% glycerol) in addition to cOmplete mini EDTA-free Protease Inhibitor Cocktail (Roche) and the PhosSTOP Phosphatase Inhibitor Cocktail (Roche). Cells were incubated in lysis buffer for 30 minutes at 4 C, followed by brief sonication and another 30 minutes at 4 C. The supernatant was collected by centrifugation at 13,200 rpm for 30 minutes at 4 C. 1uL of mouse anti-FLAG (Sigma, F3165), was added to each supernatant and incubated overnight at 4 C. 30mL of Dynabeads Protein G (Invitrogen) was added to each sample and incubated for 2 hours at 4 C. Beads were washed 3x in IPP150 wash buffer (150mM NaCl, 10mM Tris/HCl, 0.1% Igepal (Sigma) and 5% glycerol) and resuspended in 2X SDS load buffer. Lysates were separated on Invitrogen Bolt precast 4%-12% polyacrylamide gels and transferred to PVDF membrane before being blotted. Antibodies and their corresponding dilutions were: mouse anti-FLAG 1:5000 (Sigma, F3165) rabbit anti MYC 1:1000 (Cell Signaling Technology #2272S) and mouse anti HA 1:1000 (Cell Signaling Technology #2367S). Membranes were blocked in 5% BSA + 5% skim milk in Tris-buffered saline + 0.1% Tween20 (TBST) and antibodies were incubated with the membrane in 5% BSA in TBST at 4 C overnight. Membranes were developed using Bio-Rad Clarity Western ECL substrate and imaged using a Bio-Rad ChemiDoc. Cells transfected with PCDHgC3-FLAG and Ncad-MYC served as a negative control for cis-interaction as previously reported (Thu et al., 2014) .
K562 aggregation assay 2x10 6 K562 (human leukemia cell line, ATCC CCL243) cells were nucleofected with 10mg of plasmid DNA using the Neon Transfection System (Invitrogen) and incubated for 24 hours. Cells were harvested, treated with DNase (1mg/mL) and passed through a 40mm cell strainer (Falcon) to obtain a single cell suspension. 2x10 5 cells were added to each well of a 12 well tray and allowed to aggregate for 2-4 hours on a nutator at 37 C/5% CO 2 . Aggregated cells were imaged using a Nikon Eclipse Ti microscope.
Cytospin immunofluorescence K562 cell aggregates were fixed in 2% PFA for 2 hours at RT, washed in PBS and resuspended in 30% sucrose. Aggregate suspensions were then adhered to superfrost slides (ThermoFisher) using a Shandon Cytospin 3 (1000rpm, 10 minutes). Immunofluorescence was performed by blocking with 10% fetal calf serum for 1 hour and then incubating with mouse anti-FLAG (Sigma, F3165) 1/1000 overnight at 4 C and then secondary antibody for 2 hours at room temperature (donkey anti-mouse 488 (Jackson ImmunoResearch)). Images were acquired on a Leica SP5 Confocal microscope.
K562 mixing assay 2x10 6 K562 cells were nucleofected with 5mg of each plasmid DNA (10mg total for co-nucleofections) and incubated for 24 hours.
Cells were harvested, treated with DNase (1mg/mL) and passed through a 40mm cell strainer (Falcon) to obtain a single cell suspension. 1x10 5 cells from each sample were pooled and added to each well of a 12 well tray and allowed to aggregate for 3 hours on a nutator at 37 C/5% CO 2 . Aggregated cells were imaged using a Nikon Eclipse Ti microscope. Each condition was performed in biological triplicate with four technical repeats.
Electrocorticogram (ECoG) recordings
ECoG recordings were obtained from 6-week-old female mice for wild-type (WT), heterozygote (Het) and knock-out (KO) animals in DBA/2J background (> N9). Surgery for ECoG electrode placement was performed as described previously (Tan et al., 2007) . In brief, mice were anesthetized with 2%-4% isoflurane and 2 epidural silver ''ball'' electrodes implanted on each hemisphere above the somatosensory cortices using the following co-ordinates with respect to bregma: (ML ± 3 mm and AP À0.7 mm). A ground electrode was positioned 2.5 mm rostral and 1 mm lateral from bregma. Mice were allowed to recover for at least 72 hours post-surgery. Continuous ECoGs were then recorded in freely moving animals for 3-hour epochs during daylight hours following a standard 30-minute habituation period; a minimum of 9 hours recording was obtained for data analysis. Signals were band pass filtered at 0.1 to 200 Hz and sampled at 1 kHz using Powerlab 16/30 (AD Instruments Pty. Ltd., Sydney, NSW, Australia). In a subset of mice simultaneous video/ECoG recordings were also obtained to correlate behavior. The spike wave discharge (SWD) signature of +/+, +/b-Geo and b-Geo/ b-Geo mice on a DBA/2J background was 5-8Hz as previously reported for this genetic background (Letts et al., 2014; Reid et al., 2013) . 5 Quantification of spike wave discharges (SWD) was done for each genotype based on rhythmic biphasic spikes with voltage at least two-fold higher than mean background. Measurements for SWD duration were made for a total of 350 events, defined as time from the first spike peak to final peak with a minimum of one-second duration.
Generation and genotyping of Pcdh19
HA-FLAG mice CRISPR gRNA was designed to target near the stop codon of PCDH19 (5 0 -TATCGTTCTCTAAAGCCATC-3 0 ) using CRISPR Design tool (crispr.mit.edu) and generated in house by cloning 20 nt oligos into pX330-U6-Chimeric_BB-CBh-hSpCas9, which was a gift from Feng Zhang (Addgene plasmid # 42230) according to the protocol described in (Cong et al., 2013) . The ssDNA HA-FLAG oligo was designed to insert HA-FLAG 5 0 of the Pcdh19 stop codon with 60bp of homology either side (5 0 -CGGAAGGATGGTCGTGA CAAGGAATCTCCTAGCGTGAAGCGTCTGAAGGATATCGTTCTCTACCCATACGATGTTCCAGATTACGCTGACTACAAAGACGATG ACGACAAGTAAAGCCATCTGGGTTCGAGGAAGAGAGAACAGAAACCACACTGGCTAGTGAAGATGTAGCAG-3 0 ) (Integrated DNA Technologies (IDT)). Cas9 mRNA was generated by IVT (mMessage) from pCMV/T7-hCas9 (Toolgen) digested with XhoI. The gRNA (50ng/mL), Cas9 mRNA (100ng/mL) and ssDNA HA-FLAG donor oligo (100ng/mL) (IDT) were injected into C57BL/6N zygotes, transferred to pseudopregnant recipients and allowed to develop to term. Founder pups were screened for HA-FLAG insertions by PCR across targeted region (F 5 0 -TAGCGTGAAGCGTCTGAAGG-3 0 , R 5 0 -CAGGCAGTAGGGGTGTTCAG-3 0 ) and run on an agarose gel. A larger product of 281bp represented the HA-FLAG allele, while a smaller 230bp product represented the wild-type allele. Positive samples were Sanger sequenced to verify the correct insertion of the HA-FLAG sequence. Routine genotyping was performed by agarose gel electrophoresis in which PCR products generated with the above primers were separated. The gender of embryos was identified by PCR amplification of SRY (F 5 0 -CAGTTTCATGACCACCACCA-3 0 and R 5 0 -CATGAGACTGCCAACCACAG-3 0 ) and the gender of postnatal mice was assessed by analysis of external genitalia.
HA-FLAG/b-Geo mice Pcdh19
HA-FLAG/b-Geo mice were generated by breeding Pcdh19 HA-FLAG mice with Pcdh19 b-Geo mice. Pups were genotyped for both the presence of the HA-FLAG insertion (as described above) and the b-Geo cassette as previously described (Pederick et al., 2016) .
Protein extraction and western blotting
Hippocampi for protein extraction were minced in extraction buffer (50mM Tris, 150mM NaCl, 1% NP40 (Roche) and 1% Triton X-100 (Sigma)) and incubated at 4 C for 30 minutes. Lysates were separated on Invitrogen Bolt precast 4%-12% polyacrylamide gels and transferred to PVDF membrane before being blotted. Antibodies and their corresponding dilutions were: mouse anti-PCDH19 1:200 (Abcam, ab57510), mouse anti-FLAG 1:5000 (Sigma, F3165), mouse anti-HA 1:1000 (Cell Signaling Technology #2367) and rabbit anti-b-ACTIN 1:1000 (Cell Signaling Technology, #4697). Membranes were blocked in 5% BSA + 5% skim milk in Tris-buffered saline + 0.1% Tween20 (TBST) and antibodies were incubated with the membrane in 5% BSA in TBST at 4 C overnight. Membranes were developed using Bio-Rad Clarity Western ECL substrate and imaged using a Bio-Rad ChemiDoc.
In vivo immunoprecipitation and western blot analysis WT and FLAG-PCDH19 P5 mice cortices were lysed in 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.2% Triton X-100, 0.01% SDS and protease inhibitors (Complete, EDTA-free, Roche Diagnostics) using a dounce homogenizer, sonicated 1 3 15 s and 1 3 10 s at 40% amplitude using Vibra cell VCX130 (Sonics) and centrifuged at 15K for 20 min at 4 C. Supernatants were assayed by Pierce BCA Protein Assay Kit (Thermo Scientific) and 7.5 mg of each protein incubated with anti-FLAG M2 affinity gel (Sigma) washed with lysis buffer overnight at 4 C on a rotator. Next morning, the anti-FLAG affinity gel was washed 4 3 with the lysis buffer and 4 3 with 20mM Tris-HCl pH 7.5, and proteins eluted by incubating the gel with 0.0625M Tris-HCl pH 6.8, 2% SDS, 10% Glycerol, 0.001% Bromophenol Blue for 5 minute, to which DTT was added to final 0.5 mM concentration. Inputs and immunoprecipitated samples were western blotted with mouse anti-FLAG M2 (Sigma) and rat anti-PCDH10, clone 5G10 (Millipore) monoclonal and rabbit anti-PCDH17 (Sigma) antibodies followed by appropriate HRP-conjugated secondary antibodies and then detected by Clarity ECL western blotting substrate (BIO-RAD).
Immunofluorescence 8.5dpc, 9.5 dpc and 10.dpc whole embryos were dissected and fixed for 2-6 hours in 4% paraformaldehyde (PFA) at 4 C. To collect 13.5dpc, 14.5dpc and 15.5dpc embryonic brains pregnant dams were cardiacally perfused with 4% PFA. Embryonic brains were dissected and post fixed in 4% PFA at 4 C for 4-6 hours. To collect P7 brains mice were cardiacally perfused with 4% PFA, brains dissected and post fixed in 4% PFA at 4 C for 4-6 hours. Embryos and brains were then cryoprotected in 30% sucrose and frozen in OCT embedding medium. 16mm sections were cut using a Leica CM1900 cryostat. Sections were blocked with 0.3% Triton X-100 and 10% horse serum in PBS for 1 hour at room temperature. Sections were then incubated overnight with rabbit anti-HA 1:300 (Cell Signaling Technology, #3724), goat anti-SOX3 1:300 (R&D Systems, AF2569), rat anti-CTIP2 1:400 (Abcam, ab18465) and rabbit anti-CUX1 1:400 (Santa Cruz, sc-13024) at 4 C and then secondary antibody for 2 hours at room temperature (donkey anti-rabbit TxRed (Life Tehcnologies), donkey anti-goat 488 (Life Technologies), donkey anti-guinea pig 488 (Jackson ImmunoResearch) and goat anti-rat 488 (Jackson ImmunoResearch). CytoPaiinter Phalloidin-iFlour 488 (Abcam, ab176753) was applied during secondary antibody staining. Images were acquired on a Nikon Eclipse Ti microscope or a Leica SP5 spectral scanning confocal microscope and false colored using Adobe Photoshop.
X-gal staining 14.5dpc brains were collected as described above. 16mm Cryosections were incubated in staining solution: 19 mM Sodium dihydrogen phosphate, 81 mM Disodium hydrogen phosphate, 2 mM MgCl 2 , 5 mM EGTA, 0.01% Sodium deoxycholate, 0.02% NP-40, 5 mM Potassium ferricyanide, 5 mM Potassium ferrocyanide, and 1 mg/ml X-gal substrate, at 37 C until blue staining was sufficient. Images were acquired on a Nikon Eclipse Ti microscope, compiled and minimally processed (adjusted for color and light/dark) using Adobe Photoshop CS.Images were acquired on a Nikon Eclipse Ti microscope and false colored using Adobe Photoshop.
X-gal and immunofluorescence co-staining X-gal staining was performed then followed by immunofluorescence staining as described above. Images were acquired on a Nikon Eclipse Ti microscope and false colored using Adobe Photoshop.
Generation of DEL/b-Geo embryos from HA-FLAG/b-Geo zygotes CRISPR gRNAs were designed to target immediately after the Pcdh19 ATG and the 3 0 end of exon 1 (5 0 -CGGGACGGTGATCGCT AACG-3 0 ) and (5 0 -AGATCCGGACCTACAATTGC) respectively and generated as above. The gRNA (25ng/mL each) and CAS9 protein (50ng/mL) were combined and incubated for 10 minutes on ice before being injected into Pcdh19
HA-FLAG/b-Geo zygotes which were then transferred to pseudopregnant recipients. 14 days post transfer embryonic brains were collected and fixed for 4-6 hours in 4% PFA at 4 C. Embryos were screened for the presence of HA-FLAG alleles by PCR as described above to confirm Pcdh19 HA-FLAG/b-Geo identity.
Pcdh19
HA-FLAG/b-Geo embryos were then screened for large deletions of exon1 by PCR (F 5 0 -GCAATCTCAGCATTGGAGCC-3 0 ) (R 5 0 -GGGGTTTTTAGACCGACCGA-3 0 ). Large deletions of exon 1 were confirmed via Sanger sequencing. Pcdh19 HA-FLAG/b-Geo embryos positive for large deletions were then processed for HA and X-Gal staining as described above, along with Pcdh19
HA-FLAG/b-Geo embryos to serve as controls.
QUANTIFICATION AND STATISTICAL ANALYSIS
All Statistical analyses were done using Graphpad prism 6. Values are presented as mean ± SEM and can be found in Table S1 . ''N'' values for each experiment are listed in the corresponding figure legend and/or Table S1 . Data were not specifically tested for compatibility with corresponding statistical analysis. Statistical tests used for each comparison can be found in the figure legends at a significance level of 0.05.
Aggregation assay quantification
To quantify aggregate size images were exported to ImageJ where they were subjected to an equal threshold transformation and aggregate size was assessed using the ''analyse particle'' function. Particle sizes from 2 biological repeats (10 technical replicated in each) were combined and particles below 40 pixels, the average size of small GFP only cells, were removed to exclude background particles. Combined particle sizes were then compared to the GFP-only sample using a Kruskal-Wallis test followed by Dunn's multiple comparisons test.
Mixing assay quantification
Pearson's correlation coefficient was calculated using NIS Elements Advanced Research Software (Nikon). Raw data was transferred to GraphPad Prism 7 and normalized to 19/10 + 19/10 followed by a one way ANOVA test was performed to test significance.
Quantification of HA negative areas
Images from HA-FLAG/b-Geo transformed until HA-negative regions in HA-FLAG/b-Geo cortices became blank pixels. Equal thresholding was performed on HA-FLAG/+ images. Regions of interest were drawn around the cortex of all images and the percent of HA-negative area (blank pixels) was assessed. Raw data was transferred to GraphPad Prism 7 where a Student's t test was performed.
Quantification of HA immunostaining intensity variability 21 regions of interest (50mm x 50mm) per section were placed throughout the cortex and intensity measured using NIS Elements Advance Research Software (Nikon). Raw data was transferred to GraphPad Prism 7 where the coefficient of variation was calculated, and an unpaired t test was performed.
Quantification of X-gal staining intensity variability 14 regions of interest (50mm x 50mm) per section were placed throughout the ventricular zone of the cortex and intensity measured using NIS Elements Advance Research Software (Nikon). Raw data was transferred to GraphPad Prism 7 where the coefficient of variation was calculated, and an unpaired t test was performed.
